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Abstract 
This paper shows an advanced application of the SPHERA code, a SPH-based numerical model, for simulating the impulsive 
dynamics of a multiphase system. The final purpose is to set up a numerical model for the development of an innovative 
technique that could be applied to increase the effectiveness of non-cohesive sediment removal at the bottom of an artificial 
reservoir through the combined use of submerged micro-explosions and flushing maneuvers. Experimental tests have been 
carried out to support the study and to provide a data set for model calibration and validation. Since the use of an explosive 
charge requires special and expensive safety measures, at this stage of investigation micro-explosions are mimed by means of 
the injection of a cold CO2 pressurized gas from the bottom of a 2D laboratory tank containing water and a sand bed at initial 
rest condition: even if this represents a strong simplification, the experiments were carried out to provide a first insight in the 
physics of the water-sediment impulsive dynamics including some similarities with the underwater explosion inside a non-
cohesive sediment layer at rest (inertial effects dominate). Even if some improvements of the model are required to reach the 
final purpose, the results show both good qualitative agreement with the experimental frames and the capability of the 
SPHERA code to support further investigations that are necessary to understand the real feasibility of this removal technique 
and to optimize the times and locations of injections/explosions in order to improve the efficiency of sediment flushing. 
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1. Introduction 
Several artificial reservoirs are affected by the siltation process owing to the sediment load of the inflowing 
river: this may cause a significant reduction of the initial storage capacity within a relatively short time compared 
with their life span. Such a phenomenon, besides limiting the operating capacity of a hydropower plant, 
contributes to wear out the turbines and decreases their efficiency [15]. An economical and effective method for 
siltation control, referred to as flushing, consists of a periodical opening of the bottom outlet carried out for safety 
purposes: this causes the partial removal of the nearest bed sediments owing to the hydrodynamic bottom shear 
stress exerted by the rapid water outflow at the dam heel; the induced scouring effect is however confined to a 
relatively small region of the reservoir located around the bottom outlet [4]. 
In order to improve the removal efficiency of the flushing maneuver a possible solution consists of adopting 
explosive charges, of suitable size, power and allocation, which are embedded below the sediment surface, whose 
goal is to suspend the sediment in the water column and increase the bottom roughness. Since the use of explosive 
charges near the dam is rather dangerous owing to its possible damage or failure, it deserves particular care and 
should be carefully investigated.  
In this context the present paper shows an advanced application of the SPHERA code, a SPH-based numerical 
model (Smoothed Particle Hydrodynamics), toward the simulation of the impulsive dynamics of a complex 
multiphase system made up of water, saturated non-cohesive sediment and gas; furthermore some experimental 
tests are discussed and compared with numerical results.  
At this stage of investigation some severe assumptions, as discussed in the following, have been made: the 
above described problem has been strongly simplified maintaining some peculiarities (inertial effects dominate) 
and allowing to overcome various difficulties encountered both in the numerical and in the experimental 
modeling. In particular, as the use of an explosive charge in laboratory tests requires special and expensive safety 
measures, at this stage of investigation micro-explosions are mimed by means of the injection of a cold 
pressurized jet of inert gas (CO2) from the bottom of a 2D laboratory tank containing water and a sand bed at 
initial rest condition. 
In Section 2 the theoretical and numerical aspects of the SPH model are discussed with special attention to the 
formulation of the governing equations, the integration scheme and the solid boundary treatment [1], [4]; some 
preliminary analyses are also illustrated concerning the confined expansion of a detonation-produced gas in 
presence of two Newtonian fluids. 
The experimental facility and the relevant results of the laboratory campaign are described in Section 3. 
Section 4 concerns with the SPH simulation of the experimental tests; in addition to the initial rest conditions, 
assumed in the laboratory experiments, and also a water flow, mimic the flushing maneuver, has been simulated 
to provide a first estimate of the sediment removal effect.   
The main conclusions are illustrated in Section 5. 
2. Governing equations of explosion. 
The explosion process of high explosive (HE) materials is characterized by a violent oxidation, involving a 
chemical compound and an oxidizer, releasing a great amount of heat (say reaction heat) since the internal energy 
of the products is lower than the one of the reactants [6]. Even if such a phenomenon develops at a very high 
speed of reaction, in the early phase it is characterized by two distinct inhomogeneous zones [8]: a detonation-
produced explosive gas and a non-oxidized explosive; they are separated by a very thin layer which represents 
the front of a reacting shock wave (detonation wave) advancing with a characteristic celerity. The detonation 
wave triggers the chemical reaction in the non-oxidized explosive and the release of the chemical energy, in turn, 
sustains such a shock wave. Past this early phase, which is called detonation and is very fast as the shock-wave 
celerity is supersonic, a gaseous mass at a very high pressure, density and temperature expands in the space: this 
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is referred to as expansion phase and its timescale is lower than that one of the detonation phase; this is the reason 
why the HE charge is assumed to be fully detonated and treated as a highly compressed gas.  
The discretized governing equations describing the expansion of the detonation-produced gas can be written 
by considering an inviscid fluid and assuming the equation of state for an ideal (polytrophic) gas undergoing an 
adiabatic process [9], [7]: 
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In the Eq.s (1) U, p, e, v, are respectively density, pressure, specific internal energy and velocity of the fluid; J 
is the adiabatic exponent in the equation of state, H and cs denote the compressibility modulus and, respectively, 
the speed of sound; the summations are extended over the N neighbors of the i-th particle. 
In the Eq.s (2) h is the so called smoothing length; xij and vij denote respectively the relative distance and 
velocity vectors between particles i and j. The kernel function Wij is the cubic spline proposed by [14] with k = 
10/(7S) et s = 2 in 2D and k = 1/S et s = 3  in 3D; the standard formulation of the Monaghan’s artificial viscosity 
3ij  is adopted, with EM=0. 
The system of ordinary differential Equations in (1) is integrated over time through a staggered first-order 
explicit scheme (see Fig. 1.a) by satisfying the stability condition and by calculating the velocity and the specific 
internal energy of each particle at mid time-step with respect to both position and density. For each variable the 
computed field is then smoothed out as follows: 
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where q denotes a generic (scalar or vector) variable.  
Boundaries treatment is carried out through the semi-analytic technique [1]: each portion of the solid contour 
contributing to the mass, momentum and specific internal energy balance equations of the generic particle is 
replaced with a fluid region extending beyond the boundary and treated as a material continuum with proper 
distribution of velocity, density and pressure.  
 
 (a) 
t = n
t = n + 0.5
t = n + 1
),,,(
),,,(
)()()()5.0(
)(
)()()()5.0(
)(
n
i
n
i
n
i
n
i
n
i
n
i
n
i
n
i
n
i
n
i
pf
dt
de
pf
dt
d
U
U
xv
xv
v


 
 
)5.0(
)(
)5.0()5.0(
)()()()5.0(
)5.0(
)5.0(
)(
)5.0()5.0(
)1()()5.0(
),,,(
)(5.0





' 
 
' 
'' '
n
n
inn
n
i
n
i
n
i
n
i
n
i
n
n
in
i
n
i
nnn
t
dt
de
ee
pf
dt
d
t
dt
d
ttt
UU xv
v
vv
smoothing v
smoothing e
),( )5.0()1()1(
)(
)5.0(
)()1(
)()5.0()()1(




 
' 
' 
n
i
n
i
n
i
n
n
in
i
n
i
nn
i
n
i
n
i
efp
t
dt
d
t
U
UUU
vxx
smoothing U
  (b) 
:”i  [ 
] 
x 
y 
Fluid-dynamic field 
:’i  
A B 
C 
Pi 
z 
Solid boundary 
2h  
r
r
rb
I
vb
extended fluid region
vi
 
Fig. 1 Integration scheme (a) and 2D definition sketch of the solid boundary treatment (b). 
The generic term, denoting a boundary contribution in a balance equation, can be written as: 
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In Eq. (4) dD is the elementary solid angle of the radial direction r associated with the latitude M and 
longitude - in the local cylindrical frame of reference in Fig. 1.b; vb is the velocity of the boundary and Q is the 
cinematic viscosity of the fluid. 
The terms A and B denote two functions that assume a specific structure within each balance equation; the 
integrals Jn (with n = 1,2,3) can be solved analytically and thus the value of the integral term (4), calculated over 
the solid angle D under which the particle Pi sees the portion of the wall within its influence sphere, is obtained 
numerically as a function of the boundary geometry. 
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2.1. Preliminary results  
A preliminary test has been carried out by 
simulating the confined expansion of a 
detonation-produced gas interacting with water 
and saturated non-cohesive sediment treated as 
two Newtonian fluids. 
The squared boundary of the computational 
domain is assumed to be made up of rigid walls. 
Table 1 summarizes the principal model 
parameters adopted in the simulation; the sound 
speed has been calculated through the state 
Equation in (1) by assuming the adiabatic 
exponent J and the initial specific internal energy 
of the explosive e0 in Table 1; the compressibility 
modulus of each medium has been determined 
accordingly by assuming cs=155.0 m/s and the 
density of the corresponding material. 
During the expansion, the water-sediment mixture can be reasonably simulated as a viscous fluid: this 
assumption has been adopted in the numerical analysis. The upper panel in Fig. 2 shows the initial distribution of 
the three media and the boundary conditions; the box is supposed to be indefinitely rigid and the explosion is 
confined inside it. The water and sediment layers slow down the expansion of the gas through their inertia; 
furthermore they transfer the explosive trust on the box walls undergoing a compression phase and a subsequent 
expansion phase. The first impact occurs on the 
mid part of the boundaries around t = 100Ps, 
causing a pressure peak of about 2.8 GPa. A 
second peak of similar magnitude takes place at 
the four corners (t = 200Ps) where the particles 
are pushed by the inner gas and by the water and 
sediment particles, previously compressed, 
located in the middle of the box sides. As a result 
a rarefaction and pressure drop occurs at the 
centre of the box, while compression takes place 
at the sides and corners: this causes the gas to be 
pushed toward the box centre increasing its 
pressure to about 1.5 GPa at t = 320Ps (frame not 
shown in Fig. 2). 
The phases discussed above repeat cyclically: 
at time t = 420Ps water and sediment compression 
at the mid sides occurs; at t = 600Ps water and 
sediment compression at the four corners can be 
noticed; at time t = 760Ps the explosive particles 
are compressed at the box centre (frame not 
shown in Fig. 2). Each pressure peak is however 
characterized by a reduced magnitude with 
respect to the corresponding frames in previous 
cycle: this is the effect of the artificial viscosity 
Table 1. Physical and numerical model parameters. 
 Water Sediment  HE explosive 
U [kg/m3] 1000.0 1750.0 1630.0 
P [Pa s] 0.0 0.0 0.0 
J [-] 2.4 2.4 1.4 
e0 [J/kg] 252.0 145.0 4.29e+06 
h [m] 0.06 0.06 0.06 
cS [m/s] 155.0 155.0 155.0 
DM [-] 2.0 2.2 1.0 
T [-] 0.2 0.2 0.2 
 
Fig. 2 Detonation-produced gas expansion and interaction with 
heterogeneous media inside a rigid closed box 
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dissipation. Note that there are several zones of the domain that are characterized by a coarse particle resolution 
(rarefaction zones): this lessens the number of neighbours and introduces numerical errors in the kernel 
interpolation, thus lowering the accuracy of the numerical computation, as confirmed by the progressive loss of 
symmetry. A particle refinement technique could be helpful for solving the above problem. 
3. Experimental study. 
3.1. Laboratory setup  
Here is illustrated the 2D experimental facility to investigate the impulsive dynamics of an underwater non-
cohesive sediment layer (sand) at initial rest condition and subjected to a cold CO2 (jet with known volume, 
temperature and pressure) which is rapidly injected from the bottom of the laboratory tank. Since the use of an 
explosive charge requires special and expensive safety measures, at this stage of investigation it is replaced by 
the CO2 jet as discussed in the introduction: even if the time-length scale is different, some relevant aspects are 
preserved since the phenomenon is still dominated by inertial effects.  
The experimental study has been carried out at the Hydraulic Laboratory of the Civil Engineering Department 
of the University of Pavia. Fig. 3 shows the schematic of the experimental facility for investigating the dynamics 
of an underwater non-cohesive sediment deposit subjected to an impulsive forcing. From the bottom of a 2-D 
tank, filled with water and uniform sand (d = 0.5 mm) at initial rest, a known volume of pressurized CO2 is 
suddenly injected through a nozzle which assures a uniform velocity distribution along the transversal direction; 
the carbon dioxide, initially contained in a storage cylinder at a given pressure and at a temperature of 20°C, is 
quickly released through an electrically operated servo-valve by an external 24V-DC power supply. At the end of 
each test, the refill of the supply cylinder is carried out by means of a pressurized CO2 storage cylinder connected 
through a back-flow valve. The flow images are acquired by a high speed video recording system (Epix Silicon 
Video® 642M) composed of an optical sensor, an acquisition board and a dedicated software for image digital 
recording and managing. The video camera is a grayscale 8-bit model with an acquisition frequency of 200 
frames per second at the maximum resolution of 640 x 480 pixels. The images are transferred via a high-speed 
Ethernet cable to the acquisition board installed in the PC and captured through the Epix XCAP-Std software: 
each frame is temporarily stored in the dedicated RAM in order to maximize the transferring speed and then 
saved to the computer hard disk at the end of the test. The geometry of the tank (700 mm long and 500 mm deep) 
has been carefully selected in order to reduce three-dimensional effects and boundary disturbances. 
3.2. Experimental campaign 
The experimental campaign consists of 16 tests differing each other for the thickness of the sand layer, the 
water depth and the CO2 injection pressure, as summarized in Table 2. Two different values of the sediment layer 
thickness (9 cm and 5 cm) were considered, while water depths of 1.0, 1.5 and 2.0. times the sand thickness are 
assumed in the first case and of 1.0, 2.0 and 3.0 times in the latter one. The injection pressure ranges between 3 
bar and 5 bar, apart from the tests involving the lower water depth (i.e. #1, #2, #9 and #10) since in these cases, 
when using an injection pressure higher than 4 bar, the evolution of the physical phenomenon becomes quite 
different and is no more characterized by the typical four phases reproduced in Fig. 4.a, i.e. (1) gas injection 
inside the sand layer, (2) bubble development and rising in the water, (3) bubble collapsing close to the free 
surface, (4) mushroom-type plume of suspended sediment in the water column.  
More precisely, when adopting a relatively high injection pressure and a small water depth, as shown in Fig. 
4.b, the gaseous jet pierces both the sand and the water layer without developing into the bubble described above; 
this situation should be avoided, both from an experimental and practical point of view. Actually, in this case the 
interfaces cannot be clearly detected from the video frames and therefore it is not possible to trace their evolution 
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in time for comparison with the numerical results; moreover a significant amount of sediment exits the free-
surface thus reducing the suspension time of the sand grains in the water column and, possibly, the removal 
effectiveness of the flushing maneuver. 
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Fig. 3 Schematic of the experimental facility (a); Facility layout (b); automatic interfaces detection during experiment (c). 
Table 2. Description of the experimental test types. 
 Water 9 cm Water 14 cm Water 18 cm 
 type #1 (p=3 bar) type #3 (p=5 bar) type #6 (p=4 bar) 
Sand: 9 cm type #2 (p=4 bar) type #4 (p=4 bar) type #7 (p=5 bar) 
  type #5 (p=3 bar) type #8 (p=3 bar) 
 Water 5 cm Water 10 cm Water 15 cm 
 type #9 (p=3 bar) type #11 (3 bar) type #14 (5 bar) 
Sand: 5 cm type #10 (4 bar) type #12 (4 bar) type #15 (4 bar) 
  type #13 (5 bar) type #16 (3 bar) 
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The digital profiles of the bottom interface and free surface are detected from the video frames through an 
automatic procedure using a Matlab script that converts each video frame from true color to a gray-scale intensity 
image. A portable network graphics (PNG) file is then created whose elements represent the color level of the 
corresponding pixels ranging between 0 (black) and 256 (white). An automatic algorithm is also adopted for free-
surface and interface detection: the PNG file is scanned by columns and the sharp discontinuity (or threshold) in 
the color level when passing from one medium (water, sediment or air) to another is used for interface definition. 
In order to capture the transition between air and water at the free surface, the color level of the latter has been 
lowered by using methylene blue. 
The green and red lines in the video frame of Fig. 3b show the free-surface and, respectively, the bottom 
interface at the maximum elevation obtained from the automatic detection. Some disturbances (steps) are 
produced by the background grid and were smoothed by carrying out a moving average on the mean profile: this 
is obtained, in turn, by averaging, at every instant, the detected interfaces from the homologous frames of the six 
realization of each experiment type. 
As discussed in the introduction, the experiments are carried out by introducing some severe simplifications 
with respect to an explosion: 
x thermodynamic effects are neglected; 
x the involved pressure gradients are considerably smaller; 
x the time length-scale of the phenomenon is significantly longer. 
Anyway the investigated phenomenon shows some analogies (inertial effects dominate) and, being simpler to 
handle, allows understanding and solving the problems encountered both in the experimental campaign and in the 
numerical modeling discussed in the next Section. 
 
 
(a) (b)  
Fig. 4 Typical phases of the bubble propagation (CO2: 4 bar, sand: 5cm, water :10 cm) (a)  
and typical phases of the jet propagation (CO2: 6 bar, sand: 5cm, water: 5 cm) (b). 
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4. Numerical study 
The experimental tests have been simulated with the 3D SPHERA code: it is a SPH based numerical model, 
developed at RSE, where the adopted discretized governing equations for a slightly compressible viscous fluid 
and the numerical solution scheme are those described in [4]; some severe approximations are introduced in order 
to handle heterogeneous materials, gas expansion and sediment fragmentation.  
The internal energy of the gas and its consequent expansion have been neglected: the CO2 bubble is injected, 
with a density one-third that one of water, from the bottom of the tank through a moving piston with an assigned 
speed of vpist = 2.0 m/s; the adopted gas density is rather high, but lower values generate the instability of the 
code, so further investigation of this aspect is needed, along with the improvement of the mathematical model for 
handling the physics of this phenomenon. Finally the sediment is modeled as a viscous fluid with a density 1.75 
times that one of water (Table 3): the failure mechanism implemented for riverine flushing [4] deserves an 
adaptation to the considered problem since the hypothesis of a lithostatic pressure distribution in the solid matrix 
is no more satisfied. 
Boundary treatment is carried out through the semi-
analytic technique described in [1], according to which 
each portion of the solid contour, contributing to the 
mass and momentum equations of the generic particle, 
is replaced with a fluid region extending beyond the 
boundary and treated as a material continuum with 
suitable distribution of velocity, density and pressure. 
Concerning the model capability of reproducing 
with a satisfactory level of accuracy the time evolution 
of both sediment-water and water-air interfaces, the 
obtained results are quite acceptable, despite the model 
approximations, for the purpose of 
this work and provide a reasonable 
qualitative description of the 
experimental phenomenon, as 
illustrated in the following.  
The Fig. 5 shows two SPH tests: 
in both cases a two-dimensional tank 
is modeled, filled with water and 
saturated sand; at its bottom the gas 
is initially confined inside a 
prismatic case with a rigid piston at 
its lower base. The upper panels in 
Fig. 5 refer to the simulation of the 
flushing maneuver: the system is 
initially at rest and at t = 0.0s the 
water enters, with a horizontal 
component of the velocity vinfl = 0.18 
m/s, from the left-hand boundary 
and flows out of the right-hand side 
at the same flow rate. The lower 
panels in Fig. 5 refer to the case with 
Table 3. Physical and numerical model parameters. 
 Water Sediment  CO2 
U[kg/m3] 1000.0 1750.0 300.0 
P[Pa s] 0.0 0.0 0.0 
H[Pa] 1.00E+06 1.75E+06 1.00E+06 
h [m] 0.004 0.004 0.004 
DM [-] 0.2 0.2 0.2 
T[-] 0.2 0.2 0.2 
 
 
 
Fig. 5 Gas injection with (upper) and without (lower) water flow at 0.20s (left) and 
1.20s (right) past the CO2 injection 
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the water at rest before the gas injection that, in both simulations, starts immediately after  t = 2.00s, as the piston 
begins to move. 
The left-hand frames in Fig. 5 show the situation at time t = 2.20s for both cases: the bubble shape inside the 
sand layer is rather similar anyway the water sediment interface assumes a non-symmetric configuration in the 
upper-left frame owing to the flushing current that moves the sand particles towards the outflow boundary. The 
right-hand frames in Fig. 5 show the situation at time t = 3.20s; the rising column of sand which follows the gas 
bubble can be simulated and, when the water flow is activated, the solid particles that are suspended in the water 
column are dragged toward the outflow boundary and eroded. 
In Fig. 6 the comparison between the numerical results and the experimental ones at different time are 
showed: at t = 2.2s the numerical bubble shape inside the sand layer is almost elliptical contour as in the 
experimental one, at t = 3.2s the model does not reproduce the bubble instability that determines the rupture, but 
the sand columns shape is quite well reproduced, at t = 3.5s the model does not reproduce the bubble and the 
rupture at its bottom and subsequent formation of the mushroom-shape plume. Finally the Fig. 7 shows the 
results at three different time of the scenario representing a sequence of gas injections properly delayed in time 
and in presence of a water flow above the sediment, as in a flushing maneuver. 
5. Final conclusions 
In this work we have been illustrated the experimental and numerical studies carried out to investigate the 
dynamic behavior of an underwater non-cohesive sediment deposit subjected to an impulsive CO2 jet from the 
bottom of a 2D tank. 
The numerical simulation of the investigated phenomenon has been carried out through the SPH based 
SPHERA 3D code by introducing severe simplifications: gas expansion, owing to the initial internal energy, has 
been neglected and a constant density is assumed; the granular material has been approximated with a viscous 
fluid since the failure mechanism, ideated for flushing problems [4], needs to be adapted in order to remove the 
hypothesis of lithostatic pressure distribution in the saturated sediment layer. Therefore, the implementation of 
CO2 internal energy and density variation requires further studies involving particle refinement in the rarefaction 
zones and the improvement of the mathematical model implemented in the SPHERA code to better mimic the 
physics of the problem. 
Even if some improvements of the model are required, the numerical results show good qualitative agreement 
with the experimental frames, so the SPH model can lead to a first evaluation of the scouring effect when the gas 
injection and flushing maneuvers are combined.  
This preliminary evaluation has been performed considering some scenarios representing a sequence of gas 
injections properly delayed in time and in presence of a water flow above the sediment. The results obtained 
show the capability of the SPHERA code to support further investigations that are necessary to understand the 
real feasibility of this innovative removal technique and to optimize the times and locations of 
injections/explosions in order to maximize the effects on the sediment. 
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   (a) 
   (b) 
   (c) 
Fig. 6 Comparison of modeling scenarios (left) vs. experimental one (right)at 2.2s (0.2s of transient) (a), 3.2s (1.2s of transient) (b) and 3.5s 
(1.5s of transient) (c). 
 
 
Fig. 7 Gas injection with water flow: sequence of delayed CO2 injection. 
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